Sound generation due to an orifice plate in a hard-walled flow duct which is commonly used in air distribution systems (ADS) and flow meters is investigated in this work. The aim is to provide an understanding of this noise generation mechanism based on measurements of the source pressure distribution over the orifice plate. A simple model is described that relates the broadband in-duct sound field to the surface pressure cross spectrum on both sides of the orifice plate. The model is based on the assumption that, following Curles acoustic analogy, the noise radiated from the orifice plate can be represented in terms of axial dipole sources distributed over the surface of the orifice plate with the appropriate correlation characteristics.
tion is then used in the model to predict the radiated in-duct sound field. Agreement within 3 dB between the predicted and directly measured sound fields is obtained, providing direct confirmation that the surface pressure fluctuations acting over the orifice plates are the main noise sources. Based on the model developed in this work, the contributions to the sound field from different radial locations of the orifice plate are calculated. It is shown that the sound source distributions on the upstream and downstream surface of the orifice plate are observed to be similar in both their radial variation and level in the low frequency range where only plane waves propagate. The surface pressure is shown to follow a U 3.9 velocity scaling law and the area over which the surface sources are correlated follows a U 1.8 velocity scaling law, as predicted in previous work by other researchers. characteristic dimension of the orifice plate, f is frequency and U is mean flow speed), which 32 govern acoustic modal propagation and the velocity spectral shape, respectively. When this 33 ratio is small, the modal pressure spectra fall off rapidly with increasing frequency. When 34 this ratio is large, the amplitude of each mode is approximately equal.
35
A semi-empirical model to predict the sound power due to an orifice plate installed near 36 the end of a duct was developed by Gordon [14, 15] based on the assumption that the sources 37 were located over the surface of the orifice plate. The main innovation in his model is the the distribution of the source strength over the surface of the orifice plate. Predictions of the 53 radiated sound field are then compared to direct measurements using far field microphones. 54 
II. SURFACE PRESSURE MODEL FOR ORIFICE PLATE NOISE 55
A. Sound field in a cylindrical duct 56 The basic principles of noise propagation in a hard walled cylindrical duct is discussed 57 in this section. A cylindrical coordinate system (r, θ, z) is shown in Fig. 2 
where c 0 is the speed of sound. The sound field can be expressed as the sum of modal 
where A mn are the pressure amplitudes of mode (m, n), k zmn are the modal axial wave 64 numbers, and Ψ mn (r, θ) are the normalized mode shape functions of the form,
which satisfies (∇ 2 ⊥ + k 2 rmn )Ψ mn (r, θ) = 0 and the hard-walled duct boundary condition, and 66 k rmn is the duct eigenvalue for mode (m, n). In a hard walled duct k rmn is given by j mn /a, 67 where j mn is the n th stationary value of the Bessel function J m of order m of the first kind 68 and N mn is the normalisation constant, defined to ensure the normalisation condition over 69 the duct cross-sectional area S(r, θ),
and is given by
where A is the duct cross sectional area πa 2 . 
As the orifice plate is installed perpendicular to the duct axis,
. The sound field induced by the 95 orifice plate may therefore be expressed by
where g m is the component of the Green function associated with the spinning mode m of 97 the form,
Eq. (8) can be written in the frequency domain as
Since the noise from the orifice plate is broadband and therefore has a continuous spectrum, it can be expressed as the Power Spectral Density (PSD) of the acoustic pressure, defined
where E{} denotes expectation and T denotes the time duration over which the Fourier 103 transforms of the acoustic pressure p(ω) are taken. Substituting Eq. 10 into Eq. 11 gives
where
is the cross spectral density of the fluctuating force acting on the orifice plate.
106
At frequencies below the first modal cut-on frequency, only the plane wave can propagate 107 in the duct. In this frequency range, Eq. 12 simplifies to
which represents the surface area average of the cross spectrum of the unsteady force distri-
Assuming that the unsteady loading on the two sides of the orifice plate due to flow interac-114 tion are uncorrelated, Eqs. 14 and 15 for the unsteady force cross spectra can be expressed 115 as the sum of the pressure cross spectra on both sides,
where the superscripts {} + and {} − represent the surface pressure CPSD on the upstream 117 and downstream surfaces of the orifice plate respectively, given by
Unfortunately it was not possible to make pressure measurements on both sides of the 119 orifice plate simultaneously due to the way in which channels were printed into the orifice 120 plate. However, we believe that the assumption of uncorrelated pressures between the two 121 sides of the orifice plate is justified because, as shown in Fig. 8 The experimental facility for making the surface pressure and sound power measurements 138 is shown in Fig. 3 . The cylindrical duct rig was constructed from acrylic tube with a 0.1 139 m internal diameter, and a wall thickness of 5.14 mm. Note that in our rig the duct wall 140 is thicker than in practice and hence the coincidence frequency will be higher than the 
where S pp (θ n , ω) is the PSD of sound pressure at n th measured position θ n , R is the distance 166 between the centre of the duct open end and the microphone positions, N =10 is the total 167 number of microphone, ∆θ is the angle interval between two adjacent microphones.
168
The experimental arrangement required to measure the pressure on the duct wall up- into the orifice plates of 3.3 mm thickness. The pressure taps were connected to capillary 180 tubes of 1mm internal diameter, running inside the orifice plate. Microphones connected 181 along the tube were used to sense the surface pressure fluctuations.
182
Due the thickness of the orifice plate, the number of pressure taps that can be located 183 on the surface of the orifice plate was limited. To provide maximum coverage of the surface 184 pressure distribution for use in Eqs. 14 and 15 for the radiated acoustic pressure calculation, 185 two arrangements of pressure taps were designed, as shown in Fig. 3 .
186
For the first arrangement, 5 pressure taps were distributed radially at a separation dis- pressure taps was to provide information about the coherence along this direction.
192
For the second arrangement, two lines of nine pressure taps along the radial direction 193 were used. The distance between two consecutive taps along the radial direction was 2 mm.
194
The angular separation distance between the two radial lines was 3.4 • . The purpose of this 195 arrangement was to provide information about the radial variation in coherence along the 196 radial direction between two adjacent points.
197
Note that surface pressure information on both sides of the orifice plate was obtained by 198 repeating the measurement with the pressure taps facing the opposite direction.
199
The purpose of the pressure taps is to provide information about the pressure cross spectra mode cut-on frequencies.
250 Maps of the surface pressure PSD versus radial positions (normalized by the radius of the 251 duct) on the downstream surface of the orifice plate is shown in Fig. 6(b) . Similar to the 252 upstream side, highest pressure fluctuations also occur at the inner edge of the orifice plate.
253
At radii between the inner edge to about r s /a = 0.75, the pressure fluctuations decrease 254 gradually. However, at radii greater than r s /a = 0.75, the surface pressure fluctuations 255 decrease more slowly towards the duct wall. 
281
We first investigate the coherence between two points separated radially along the up-282 stream side of the orifice plate. This is plotted in Fig. 8(a) for 5 radial separation distances in Fig. 8(b) Based on the observations discussed above, a summary of the characteristics of the surface 325 pressure on the orifice plate is given below:
326
• The surface pressure is axi-symmetric to significantly less than 1 dB.
327
• The PSD of the surface pressure on the upstream side is higher than on the downstream Eqs. 14 and 15 for the radiated acoustic pressure. This coherence area will be calculated in 370 the next section.
371
In the plane wave frequency range, the PSD of sound power S W W (ω) can be estimated 372 by assuming reflection from the open end can be neglected, in which case, 
where A c (x s , ω) is the coherence area, and is defined here as the area centred on x s at fre- 
where ... S refers to quantities averaged over the duct cross sectional areas, such that 
whereŜ f f is given by
In this work we assume that the source termŜ f f is axi-symmetric and that all quantities 
where r 1 and r 2 are the inner and outer radii of the orifice plate. level. Even though the surface pressure on the upstream side is significantly higher on the 428 upstream surface than the downstream surface, as shown in Fig. 6 , the coherence on the 429 upstream side is smaller than on the downstream side as shown in Figs. 8 and 9 respectively.
430
The combination of these factors leads that the source distribution on both sides, taking 431 into account the coherence area, being similar on both sides of the orifice plate as shown in 
